Two groups of Cucumber mosaic virus (CMV) satellite RNAs (satRNAs), necrogenic and nonnecrogenic, can be differentiated according to the symptoms they cause in tomato plants, a host in which they also differ in fitness. In most other CMV hosts these CMV-satRNA cause similar symptoms. Here, we analyse whether they differ in traits determining their relative fitness in melon plants, in which the two groups of CMV-satRNAs cause similar symptoms. For this, ten necrogenic and ten non-necrogenic field satRNA genotypes were assayed with Fny-CMV as a helper virus. Neither type of CMV-satRNA modified Fny-CMV symptoms, and both types increased Fny-CMV virulence similarly, as measured by decreases in plant biomass and lifespan. Necrogenic and non-necrogenic satRNAs differed in their ability to multiply in melon tissues; necrogenic satRNAs accumulated to higher levels both in single infection and in competition with non-necrogenic satRNAs. Indeed, multiplication of some non-necrogenic satRNAs was undetectable. Transmission between hosts by aphids was less efficient for necrogenic satRNAs as a consequence of a more severe reduction of CMV accumulation in leaves. The effect of CMV accumulation on aphid transmission was not compensated for by differences in satRNA encapsidation efficiency or transmissibility to CMV progeny. Thus, necrogenic and nonnecrogenic satRNAs differ in their relative fitness in melon, and trade-offs are apparent between the within-host and between-host components of satRNA fitness. Hence, CMV-satRNAs could have different evolutionary dynamics in CMV host-plant species in which they do not differ in pathogenicity.
INTRODUCTION
Cucumber mosaic virus (CMV), the type species of genus Cucumovirus, is a plant virus with isometric particles and a tripartite, single-stranded, messenger-sense RNA genome. CMV is the helper virus for a single-stranded, linear, noncoding satellite RNA (satRNA), which depends on CMV for its replication, encapsidation and transmission. The presence of a satRNA modulates CMV replication and pathogenicity. The outcome of the CMV-satRNA interaction depends on the genotypes of CMV and satRNA involved, and on the infected host plant species. Hence, CMV-satRNA is a molecular parasite that spreads epidemically in CMV populations (Alonso-Prados et al., 1998) . However, once a CMV strain becomes satRNA-infected, the satRNA can also be considered as an additional genetic element in the segmented virus genome. The molecular biology of the interaction of CMV-satRNA with its helper virus, and its genetic variability and evolution, has received much attention in the past (reviewed by Palukaitis et al., 1992; García-Arenal & Palukaitis, 1999; Palukaitis & García-Arenal, 2003) . In contrast, the role of CMVsatRNA in modulating the genetic structure of CMV populations and the evolution of CMV virulence has remained underexplored.
CMV is the plant virus with the broadest host range in nature, infecting more than 1000 species in about 80 monocotyledonous and dicotyledonous plant families, and it is efficiently transmitted by more than 80 aphid species in a non-persistent manner Palukaitis & García-Arenal, 2003) . Hence, CMV causes epidemics with important yield losses in many crops, particularly in vegetable crops in temperate regions (Tien & Wu, 1991; Jordá et al., 1992; Alonso-Prados et al., 1997; Gallitelli, 2000) . Occasionally, CMV genotypes causing unusually severe disease symptoms emerge and, in all reported instances, hypervirulence has been demonstrated to be due to the presence of satRNAs associated with less virulent CMV strains (Kaper & Waterworth, 1977; Takanami, 1981; Gonsalves et al., 1982; Coi et al., 2001) . The emergence of hypervirulent CMV genotypes results in devastating epidemics, best exemplified by those of tomato necrosis that occurred in France, the Mediterranean basin and Japan (Marrou, et al., 1973; Gallitelli et al., 1988; Kosaka et al., 1989; Jordá et al., 1992) . While most CMVsatRNAs attenuate or do not modify CMV symptoms in most plant species, in tomato two main types can be distinguished: those that attenuate or do not modify CMV symptoms (non-necrogenic satRNAs), and those that aggravate them to a systemic necrosis (necrogenic satRNAs). These two types of satRNA do not cause different symptoms in other host plant species García-Arenal & Palukaitis, 1999) . Much attention has been directed at understanding the mechanisms by which some satRNA genotypes induce a systemic necrosis in tomato plants, but not in other host species (Taliansky et al., 1998; Xu & Roossinck, 2000; Xu et al., 2004; Irian et al., 2007) .
The frequency of satRNAs in field populations of CMV seems to be low usually (Kearney et al., 1990; Grieco et al., 1997; Alonso-Prados et al., 1998) , hence, understanding the causes that lead to the invasion of CMV populations by satRNAs necrogenic for tomato, which have resulted in epidemics of tomato necrosis, may help to explain the emergence of viral diseases. With this goal in mind, Escriu et al. (2000a Escriu et al. ( , b, 2003 analysed in tomato plants the parameters of between-host transmission, within-host accumulation and virulence of CMV strains, either without satRNAs or supporting CMV-satRNAs necrogenic or non-necrogenic for tomato. Estimates of these fitness components were introduced into deterministic models of virulence evolution, which predicted that the emergence of CMV genotypes supporting satRNAs necrogenic for tomato would only occur in mixed infections with non-necrogenic satRNAs, and under conditions of high density aphid-vector populations (Escriu et al., 2003) . While these predictions agreed with field observations during the tomato necrosis epidemic that occurred in Eastern Spain in the 1980s-1990s, the analyses of Escriu et al. (2003) had the limitation of not considering the role in the evolution of CMV virulence of hosts other than tomato, which could be reservoirs or, alternatively, reduce satRNA population levels (i.e. be sink hosts for CMV-satRNAs).
The aim of the present work is to fill this gap by estimating the fitness components of CMV-satRNAs that are necrogenic and non-necrogenic for tomato, in a host-plant species in which these two types of satRNA do not cause different symptoms. For this we chose melon (Cucumis melo L.), which is a major crop affected by CMV epidemics and often shares the horticultural areas of tomato (AlonsoPrados et al., 2003) . Our results show that even though both types of satRNA do not differ in their virulence for melon plants, they differ in their ability to accumulate and in their effect on CMV multiplication and transmission. These unexpected results imply different evolutionary dynamics for CMV and CMV-satRNAs over their host range, and not only in the differential host, tomato.
RESULTS

Accumulation of CMV-satRNA in single and mixed infections and its effect on CMV accumulation
To estimate the within-host multiplication rate of satRNAs that are necrogenic and non-necrogenic for tomato, and their competitive ability in mixed-infected hosts, an experiment was set up in which melon plants were inoculated with Fny-CMV along with one of ten necrogenic or ten non-necrogenic satRNA genotypes (see Methods). In addition, 20 mixed-infection treatments were included in which plants were inoculated with Fny-CMV along with each necrogenic or non-necrogenic satRNA in combination with one satRNA of the opposite type; in mixed infections, each necrogenic satRNA was confronted with two randomly sampled non-necrogenic satRNAs, and vice versa. Treatments of plants inoculated with only Fny-CMV or mock inoculated with buffer, were also included. Ten replicated plants were included for each of the 42 treatments. Tissue from systemically infected leaves was harvested 25 days post-inoculation (p.i.) and satRNA accumulation was quantified in each plant.
All assayed necrogenic satRNAs multiplied to detectable levels in systemically infected leaves of melon plants when supported by Fny-CMV. However, four of ten nonnecrogenic satRNAs assayed were not detected by dot-blot hybridization in the systemically infected leaves of Fny-CMV-infected plants (Table 1) . Two of these satRNAs (90/ 17.1 and 92/10.1) were not detected by RT-PCR, while satRNAs 89/15.2 and 89/23.1 were detected by RT-PCR in 1 of 10 assayed plants in each of three independent experiments. We denote these satRNA genotypes as 'nonnecrogenic*'. The data in Table 1 show that there were no significant differences in accumulation among the various necrogenic satRNAs (H 9,100 513.75, P50.131) nor among those non-necrogenic satRNAs that were detected in systemically infected leaves (H 5,59 52.83, P50.727). On average (mean), necrogenic satRNAs accumulated to significantly higher levels than non-necrogenic satRNAs (W 10,10 548.00, P50.0003). This was also true when nonnecrogenic* satRNAs were excluded from the analysis (W 6,10 528.00, P50.003). In mixed infections, necrogenic satRNAs also accumulated to significantly higher levels than non-necrogenic ones (W 6,10 527.0, P50.004). The accumulation of necrogenic satRNAs was lower in mixed infections with non-necrogenic ones than in single infections (W 10,10 534.0, P50.011), while the presence of necrogenic satRNAs in mixed infections did not affect the accumulation of those non-necrogenic satRNAs that were detected in systemically infected leaves (W 6,6 59.0, P50.173). Thus, necrogenic satRNAs accumulate in melon plants to higher levels than non-necrogenic satRNAs, both in single and in mixed infections, but non-necrogenic satRNAs compete with necrogenic ones in mixed infection more effectively than necrogenic satRNAs compete with non-necrogenic ones.
Fitness differences among CMV-satRNA in melon plants
To estimate the effect of satRNA on CMV accumulation, virus particles were purified from systemically infected leaves of five plants for each single-infection treatment in the experiment before. Data are presented in Table 2 , and show that CMV accumulation was significantly different in the absence of satRNA and in the presence of either necrogenic or non-necrogenic satRNAs (H 3,21 511.67, P50.008). The presence of satRNAs resulted in a significant decrease in CMV particle accumulation, which was more severe for necrogenic satRNAs (W 10,6 527.0, P50.004). Thus, the accumulation of CMV particles is decreased in the presence of satRNA, the decrease being more severe for necrogenic satRNAs. Interestingly, in plants in which Fny-CMV had been inoculated with those nonnecrogenic satRNAs that were not detected in systemically infected leaves (non-necrogenic* satRNAs), a decrease in the accumulation of CMV particles was observed that was similar to that associated with the presence of multiplying non-necrogenic satRNAs (W 6,4 522.0, P50.749).
Efficiency of CMV-satRNA encapsidation and transmission to CMV progeny RNA was extracted from Fny-CMV particles that were purified for each single-infection treatment, and the relative proportion of satRNA in particles was quantified by densitometry after electrophoresis in 1.2 % agarose gels and ethidium bromide staining. Only those nonnecrogenic satRNAs that were detected in nucleic acid extracts of systemically infected leaves were included in this analysis, as non-necrogenic* satRNA genotypes were not To analyse whether the different efficiencies of encapsidation of necrogenic and non-necrogenic satRNAs would affect the probability of their transmission to CMV progeny, the above preparations of virus particles were used to inoculate fully expanded leaves of Chenopodium quinoa. The presence of satRNA in the resulting necrotic local lesions (nll) was assessed by molecular hybridization of nll prints in nylon membranes. At least 20 nll were analysed for each satRNA genotype. The data show (Table  3 ) that the fraction of nll in which satRNA was detected was significantly smaller for the necrogenic satRNAs (x 2 5139.47, P,0.0001). Thus, even though necrogenic satRNAs are as efficiently encapsidated as non-necrogenic ones they infect CMV progeny less efficiently.
Effect of CMV-satRNA on aphid transmission of Fny-CMV
To test the effect of satRNA on CMV aphid transmission, three necrogenic and three non-necrogenic satRNAs were randomly chosen from among those that were detected in systemically infected melon leaves, i.e. non-necrogenic* satRNAs were not considered. Melon plants were inoculated and systemically infected leaves from two melon plants infected by each satRNA or from four plants infected only with Fny-CMV were used as source leaves for acquisition by Aphis gossypii. In all cases, transmissions were done with three aphids per test plant. Fifteen days later, test plants were assayed for CMV and satRNA infection. Table 4 shows that the presence of both necrogenic and non-necrogenic satRNAs resulted in a significant reduction of Fny-CMV transmission (x 2 516.31, P50.002), by approximately 37 and 29 % for necrogenic and nonnecrogenic satRNAs, respectively. The efficiency of CMV transmission from plants infected by Fny-CMV, or by Fny-CMV plus necrogenic and non-necrogenic satRNAs paralleled differences in CMV particle accumulation that, as in the previous experiment, was highest for Fny-CMV and lowest for Fny-CMV+necrogenic satRNAs (Table 4) . However, differences in CMV transmission efficiency from plants infected with either necrogenic or non-necrogenic satRNAs were not significant (x 2 531.30, P50.537). The frequency of transmission of necrogenic and nonnecrogenic satRNAs was also similar, of 86.8, and 75.6 %, respectively, (x 2 51.85, P50.764).
Effect of CMV and CMV-satRNA infection on host plant growth and survival
The effect of infection by Fny-CMV, or by FnyCMV+satRNA on plant growth was estimated by comparing the above-ground biomass of all infected and mock-inoculated plants from the experiment in which CMV and CMV-satRNA accumulation was quantified at 25 days p.i.
The biomass of infected plants was always smaller than the biomass of mock-inoculated plants (H 5,430 526.96, P50.0001), but biomass was smaller for plants infected by CMV+satRNA than for plants infected only by Fny-CMV (P,0.05) ( Table 5 ). The effect of infection by necrogenic and non-necrogenic satRNAs on plant biomass was similar (W 10,6 525.0, P50.625). Interestingly, inoculation with non-necrogenic* satRNAs had a significant Fitness differences among CMV-satRNA in melon plants effect on plant biomass, as the biomass of plants inoculated with Fny-CMV+non-necrogenic* satRNAs were not significantly different from the biomass of plants infected by necrogenic satRNAs or by those non-necrogenic satRNA that efficiently multiplied in systemically infected leaves (P.0.240). Thus, biomass reduction by satRNA was the same for single infections of necrogenic or non-necrogenic satRNAs. It was also the same for mixed infections of necrogenic and non-necrogenic satRNAs (data not shown).
The reduction of plant growth would have a direct relationship with CMV and CMV-satRNA fitness if it affected plant or leaf survival, i.e. the duration of the infectious period. To test this hypothesis, an experiment was carried out in which melon plants were inoculated with Fny-CMV or with Fny-CMV and each of five randomly chosen necrogenic or non-necrogenic satRNAs. Non-necrogenic satRNAs were chosen from among those that were detected in systemically infected melon leaves. Each of the 11 infection treatments, plus the mockinoculated control, included five plant repetitions. Plants were grown for 75 days p.i. and during this period leaves were evaluated daily for senescence, and leaf survival (LS) was rated as the number of days elapsed since the leaf was 1 cm long at the primary vein until total senescence (i.e. leaf abscission). The biomass of all senescent leaves per plant (senesced biomass, SB) was also determined, and the regression between LS for each leaf and SB of all the older leaves was analysed for each plant. During the 75 days p.i. of the experiment a mean of ten leaves per plant underwent total senescence. A positive correlation between LS and the square root of SB was significant from the fourth leaf on, and the significance was highest for the tenth leaf. For the tenth leaf, the regression of LS against the square root of SB 
DISCUSSION
CMV-satRNAs can be classified into two groups, necrogenic and non-necrogenic, according to the symptoms that they induce in tomato plants . These two types of satRNA also differ broadly in their fitness in this host (Escriu et al., 2000a , Escriu et al., 2003 . The aim of this study was to analyse whether satRNAs that are necrogenic or non-necrogenic for tomato plants also present a different phenotype in host plants in which they do not differ in terms of modulation of CMV symptoms. To exemplify these hosts, which are the vast majority of CMV hosts , melon was chosen. satRNAs necrogenic or non-necrogenic for tomato do not differ terms of CMV symptom modulation in melon (Collmer & Howell, 1992; Roossinck et al., 1992) , and melon, as other cucurbits, has been described as a poor host of satRNA, which multiplies to much lower levels than in solanaceous plants such as tomato (Kaper & Tousignant, 1977; Jacquemond & Leroux, 1982; Moriones et al., 1991; García-Arenal & Palukaitis, 1999) . Also, melon is an important host of CMV in horticultural areas in which tomato is grown (Alonso-Prados et al., 2003), and hence CMV+satRNA infections in melon could have a role on the evolution of CMV and satRNA populations leading to epidemics of lethal necrosis in tomato crops. Thus, for necrogenic and non-necrogenic satRNAs, we analysed the following factors in melon plants that may determine the within-and between-host components of the fitness of a parasite: within-host multiplication, competitive ability in mixed-infected hosts, effect on the within-host multiplication of the helper virus CMV, efficiency of encapsidation and of transmission to CMV progeny, efficiency of between-host transmission by aphid vectors of the helper virus and the satRNA, and virulence. Infectivity was not analysed in this work as we had previously shown that the set of necrogenic and non-necrogenic satRNA genotypes analysed here did not differ for this trait (Escriu et al., 2000a) . All experiments used Fny-CMV as the helper virus, as we had also previously shown that the interaction of the assayed satRNAs with CMV did not depend on the CMV genotype for ten assayed Subgroup I field isolates (Escriu et al., 2000a) .
Our results confirmed previous reports, in that necrogenic and non-necrogenic satRNAs did not differ in the modulation of CMV symptoms in melon plants. In our greenhouse conditions, all plants infected by Fny-CMV, by themselves or with any of 20 assayed satRNA genotypes, showed strong mosaic and leaf lamina deformation (not shown). However, despite this similarity of symptoms, necrogenic and non-necrogenic satRNAs differed in melon in terms of several important traits. All assayed satRNA genotypes multiplied in melon to quite low levels, in agreement with previous reports (Jacquemond & Leroux, 1982; Palukaitis, 1988; Roossinck & Palukaitis, 1995) , their accumulation in infected leaves being approximately 100-fold lower than in tomato for the same set of CMV-satRNA genotypes (Escriu et al., 2000a) . However, multiplication of necrogenic satRNAs was more efficient than multiplication of non-necrogenic satRNAs, and four of ten nonnecrogenic satRNAs assayed were not detected in systemically infected leaves of most infected melon plants, or after amplification in tobacco plants inoculated with those leaves (not shown), indicating a host-associated differential selection of satRNA genotypes, as reported for other host species (Kurath & Palukaitis, 1990; Moriones et al., 1991; Roossinck & Palukaitis, 1991) . Necrogenic satRNAs also multiplied to higher levels in mixed infections with nonnecrogenic satRNAs, although levels were lower than in single infections, indicating effective competition by nonnecrogenic satRNAs. Thus, necrogenic satRNAs were at an advantage over non-necrogenic ones for traits relative to the within-host fitness.
This advantage was countered by factors determining the efficiency of between-host transmission: necrogenic satRNAs caused a larger depression of the multiplication of CMV than non-necrogenic ones, which resulted in lower rates of CMV aphid transmission, which is positively correlated with the accumulation of CMV particles in the source leaf (Escriu et al., 2000b; this work) . Both necrogenic and non-necrogenic satRNAs increased the virulence of CMV, estimated as the effect of infection on plant growth and survival. A shorter life span would result in a shorter infectious period for CMV and, hence, for satRNA transmission from satRNA-infected plants. Interestingly, inoculation with those non-necrogenic satRNAs that were not detected in systemically infected leaves (non-necrogenic* satRNAs) resulted in a decrease of Fny-CMV accumulation and an increase in virulence. These results could be explained if non-necrogenic* satRNAs multiplied very inefficiently in inoculated melon leaves at the earliest stages of infection, and if the effects on CMV multiplication and virulence would require very low levels of satRNA and/or depend strongly on early stages of infection. The DMean±SEM of all necrogenic, all non-necrogenic or all nonnecrogenic* genotypes. The same letter indicates that there are no significant differences at the 95 % confidence interval in satRNA accumulation in a Wilcoxon test.
Fitness differences among CMV-satRNA in melon plants decrease in plant growth upon infection is a common estimate of virulence in plant pathology (Sacristán & García-Arenal, 2008 ). An important result from this work is that there is a positive correlation between plant biomass and survival, indicating that a decrease of plant growth is indeed a good correlate for increased mortality, which is the most usual form to express virulence in models of virulence evolution (Day, 2002) .
The results of the encapsidation and transmission experiments are apparently not consistent and lead to some interesting questions relating to the present lack of knowledge about the distribution of satRNA among CMV particles and its possible effect on particle stability. These little-understood aspects of satRNA biology have not been addressed recently (Lot & Kaper, 1976; Roossinck et al., 1992; Palukaitis & Roossinck, 1996) . First, the rate of satRNA transmission to CMV progeny was higher for necrogenic satRNAs than for those non-necrogenic-satRNAs that multiplied efficiently, in spite of a similar rate of encapsidation. This unexpected result could be explained by the small but significant difference in interference between both types of satRNAs and the encapsidation of CMV genomic RNAs 1 and 2. This difference indicates a differential distribution of necrogenic and non-necrogenic satRNAs over the three particles of CMV, encapsidating RNA1, RNA2, and RNAs 3 and 4 together, which are necessary to start an infection. A differential distribution of satRNAs in CMV particles could result in a different probability of a satRNA genotype being present in an infectious particle set. Interference between necrogenic and non-necrogenic satRNAs with the encapsidation of CMV genomic RNAs was different in tomato (Escriu et al., 2000a) and melon plants, suggesting that the host-plant environment has an effect on satRNA encapsidation. Second, differences in the rate of transmission to the CMV progeny did not result in differences in the rate of aphid transmission of necrogenic and non-necrogenic satRNAs. Again, this result is difficult to explain as it has been reported that aphid transmission of CMV involves severe population bottlenecks (Ali et al., 2006) , and the effective number of founders starting a CMV infection by aphid transmission is very low, approximately 1-2 (Betancourt et al., 2008) . This value is similar to that for initiating a necrotic local lesion by mechanical inoculation (García-Arenal & Fraile, 2011) . We could speculate on a differential stability of CMV particles containing satRNA in inoculation buffer and in the aphid's stylet to explain this result.
In summary, we show here that CMV-satRNAs that are necrogenic and non-necrogenic for tomato exhibit important fitness differences in melon plants. While necrogenic satRNAs show a higher fitness within the infected host than non-necrogenic ones, their higher negative effect on CMV multiplication, i.e. the effect of the higher virulence of the satRNA parasite on its CMV host, will affect between-host transmission of necrogenic satRNAs more severely than that of non-necrogenic satRNAs. Similar virulence in the CMV melon host will not differentially affect between-host transmission of both types of satRNA. Thus, there is a trade-off between the within-and between-host components of CMV-satRNA fitness. Except for virulence, the estimates of fitness components rank CMV, CMV+necrogenic satRNAs and CMV+non-necrogenic satRNAs similarly in melon and in tomato plants 2003, this work) . As in tomato, necrogenic satRNAs will be favoured in melon populations. Melon could act as a reservoir of necrogenic and some non-necrogenic satRNAs, but as a sink for those nonnecrogenic satRNAs that were not recovered from systemically infected leaves. More significantly, our results show that the evolutionary dynamics of satRNAs necrogenic and non-necrogenic for tomato may differ in hosts in which these two types of satRNA do not cause different symptoms. Hence, analyses of the emergence of necrogenic satRNAs in CMV populations leading to devastating epidemics (Escriu et al., 2000a (Escriu et al., , 2003 will be incomplete without considering other, apparently non-differential hosts of CMV, as is the case for melon.
METHODS
CMV and CMV-satRNA isolates. (Rizzo & Palukaitis, 1990; Escriu et al., 2000a) by transcription with T7 RNA polymerase (New England Biolabs). RNA transcripts of Fny-CMV genomic RNAs, or of Fny-CMV and each of the 20 satRNA genotypes, were used to inoculate Nicotiana clevelandii A. Gray plants for virus multiplication. CMV virions were purified from infected leaves as described by Lot et al. (1972) , and virion RNA was extracted by disruption with phenol and SDS.
Biological assays. Melon plants (Cucumis melo L. var. saccharinus Naud. 'Piel de Sapo') were inoculated with Fny-CMV RNA with or without satRNA. Fny-CMV was inoculated at 100 mg ml 21 of RNA in 0.1 M Na 2 HPO 4 ; for RNA preparations of Fny-CMV+CMV-satRNA the fraction of CMV-satRNA was estimated after agarose gel electrophoresis and ethidium bromide-staining. Plants were inoculated with 20 mg satRNA ml 21 in 0.1 M Na 2 HPO 4 , regardless of Fny-CMV RNA concentration, which in all cases exceeded 100 mg ml 21 . Ten microlitres of inoculum was rubbed onto the totally expanded cotyledons of melon plants and the plants were maintained in a greenhouse at 20-25 uC with 16/8 h light/dark cycle.
Quantification of CMV RNA and CMV-satRNA accumulation in infected plants. Accumulation of CMV or satRNA was quantified as micrograms of viral or CMV-satRNA per gram of fresh tissue by dotblot hybridization as previously described (Escriu et al., 2000a) . Total nucleic acid extracts from systemically infected leaves harvested 25 days p.i. were spotted onto nylon membranes and hybridized with 32 P-labelled oligonucleotide probes. Probes were complementary to nt 1933-2215 of Fny-CMV RNA3 (GenBank accession no. D10538), which hybridizes with the 39-UTR of the three genomic, and subgenomic, RNAs of Fny-CMV , or complementary to nt 250-260 of satRNA variants necrogenic (59-GCGTCATGACTCATA-39) or non-necrogenic (59-CGTCATCCAC-GATAC-39) for tomato (sequences specific for each group of satellites are underlined; Sleat et al., 1994) . In each blot, internal standards of satRNA were included as a twofold dilution series of purified RNA (2-0.015 mg) in nucleic acid extracts from non-inoculated melon plants. Different amounts of nucleic acid extracts from each sample to be analysed were blotted to ensure that the hybridization signal was in the linear portion of the RNA concentration-hybridization signal curve. RNA hybridization was detected using a Typhoon 9400 scanner (GE Healthcare) after exposure of the Eu +2 store phosphor screens to the labelled samples, and quantified using ImageQuant version 5.2 (Molecular Dynamics). Hybridizations were done at 65 uC (for CMV RNA probe) or 40 uC (for satRNA probes) overnight in 66 SSC (16 SSC is 0.15 M NaCl, 0.015 M sodium citrate) 56 Denhardt's mix, 0.1 % SDS and 250 mg ml 21 yeast tRNA. For RNA-loading controls, dot-blot membranes were rehybridized at 65 uC with a cDNA probe (800 nt) complementary to barley 18S rRNA (Gerlach & Bedbrook, 1979) .
Quantification of Fny-CMV particles and encapsidated RNA in infected plants. CMV was also quantified as micrograms of virus particles per gram of fresh tissue. Virus particles were purified from systemically infected leaves 25 days p.i. as described by Lot et al. (1972) , except that only one cycle of differential centrifugation was made. Pellets were resuspended in 400 ml of 0.5 M sodium citrate (pH 7.0) per gram of tissue. The amount of CMV coat protein in these preparations was quantified by double-antibody sandwich ELISA using a polyclonal antibody raised against Fny-CMV ( Thompson & García-Arenal, 1998) . A 1.2-fold dilution series of known amounts of Fny-CMV particles (5 mg-19 ng) were included as internal standards in each ELISA plate.
RNA was extracted from virus particle preparations, and the fraction of encapsidated RNA made by each of CMV RNAs 1 and 2 together, 3 and 4, and of satRNA, was estimated by densitometry after agarosegel electrophoresis and ethidium bromide staining as previously described (Escriu et al., 2000a) .
Transmission of CMV-satRNA to CMV progeny. To estimate satRNA transmission to CMV progeny, CMV particle preparations from individual melon plants infected with CMV+satRNA were inoculated into fully expanded leaves of Chenopodium quinoa Wild, a lesion host for CMV. For each of the 20 satRNA genotypes, 20 necrotic local lesions were dissected from inoculated leaves and printed onto nylon membranes. The presence of satRNA in each printed necrotic local lesion was detected by hybridization of the nylon membrane with a 32 P-labelled probe complementary to the complete sequence of B2-sat-RNA (GenBank accession no. M16587) (Bernal & García-Arenal, 1994) . Hybridizations were done at 65 uC overnight, as described above.
Aphid transmission of CMV and CMV-satRNA. Aphid transmission tests were performed essentially as described by Fereres et al. (1993) . Systemically infected leaves of CMV or CMV+satRNA-infected melon plants were harvested 15 days p.i. and used as source leaves for virus acquisition by aphids. A. gossypii Glover was reared on noninfected melon plants, from which 7-8-day-old apterous females were collected, starved for 1-1.5 h and then placed with a paintbrush on a single source leaf. Three aphids were monitored for 1-10 min under a stereo microscope for probing behaviour and, after probing, the three aphids were transferred to the fully expanded first leaf of young melon test plants, on which they were left to feed for 12 h. After this time, test plants were sprayed with imidacloprid (Confidor 20 SL; Bayer). Between 30 and 40 test plants per source leaf were inoculated. CMV and satRNA infection of test plants was detected 15 days p.i. by hybridization with 32 P-labelled probes complementary to the 39 UTR of Fny-CMV genomic RNAs or to B2-satRNA, respectively, as described.
Estimation of virulence. Virulence was estimated as the effect of CMV infection on plant growth and survival. For this, the dry weight of the total aboveground biomass of infected or mock-inoculated control plants was determined after maintenance of plants at 65 uC until constant weight. Leaf survival, expressed in days, was the time from the leaf being 1 cm long over the primary vein until total senescence, identified by leaf abscission.
Statistical analyses. All statistical analyses were as described in Sokal & Rohlf (1995) and were performed using SPSS version 13.0. None of the variables analysed in this work was normally distributed or showed homogeneity of variances (Hartley F Max test), hence, nonparametric tests were used for analyses. Data of CMV and satRNA accumulation were analysed using Bonferroni-corrected KruskalWallis (H) tests. Differences between treatments were determined by using a Wilcoxon (W) test with a normal-distribution correction (Z) when the number of samples was ¢20. The subscripted figures associated with the statistical results are the degrees of freedom and the value of n, respectively. Transmission frequencies were compared by using a x 2 test on contingency tables. Regressions of plant senescence versus biomass, were compared by analysis of covariance. Relation parameters were calculated by linear regression analysis.
